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H and 13 C NMR spectra and computational details. Crystallographic data are available free of charge from the Cambridge Crystallographic Data Centre under reference numbers CCDC-1508626 to CCDC-1508631. Crop leaves in full sunlight dissipate damaging excess absorbed light energy as heat. When sunlit leaves are shaded by clouds or other leaves, this protective dissipation continues for many minutes and reduces photosynthesis. Calculations have shown that this could cost field crops up to 20% of their potential yield. Here, we describe the bioengineering of an accelerated response to natural shading events in Nicotiana (tobacco), resulting in increased leaf carbon dioxide uptake and plant dry matter productivity by about 15% in fluctuating light. Because the photoprotective mechanism that has been altered is common to all flowering plants and crops, the findings provide proof of concept for a route to obtaining a sustainable increase in productivity for food crops and a much-needed yield jump.
A ccording to detailed forecasts of future global food demand, current rates of increase in crop yields per hectare of land are inadequate. Prior model predictions have suggested that the efficiency of the photosynthetic process and thereby crop yield could be improved (1) . Here, we show improvement of photosynthetic efficiency and crop productivity through genetic manipulation of photoprotection.
Light in plant canopies is very dynamic, and leaves routinely experience sharp fluctuations in levels of absorbed irradiance. When light intensity is too high or increases too fast for photochemistry to use the absorbed energy, several photoprotective mechanisms are induced to protect the photosynthetic antenna complexes from overexcitation (2) . Excess excitation energy in the photosystem II (PSII) antenna complex can be harmlessly dissipated as heat, which is observable as a process named nonphotochemical quenching of chlorophyll fluorescence (NPQ) (3) . Changes in NPQ can be fast but are not instantaneous and therefore lag behind fluctuations in absorbed irradiance. In particular, the rate of NPQ relaxation is slower than the rate of induction, and this asymmetry is exacerbated by prolonged or repeated exposure to excessive light conditions (4) . This slow rate of recovery of PSII antennae from the quenched to the unquenched state implies that the photosynthetic quantum yield of CO 2 fixation is transiently depressed by NPQ upon a transition from high to low light intensity (Fig. 1) . When this hypothesis was tested in model simulations and integrated for a crop canopy over a diurnal course, corresponding losses of CO 2 fixation were estimated to range between 7.5 and 30% (5-7). On the basis of these computations, increasing the relaxation rate of NPQ appeared to be a very promising strategy for improving crop photosynthetic efficiency and in turn yield (8) .
Although the exact NPQ quenching site and nature of the quenching mechanisms involved are still debated (9) , it is clear that for NPQ to occur, PSII-associated antennae need to undergo a conformational change to the quenched state, which can be induced by a number of different mechanisms with contrasting time constants (3). So-called energy-dependent quenching (qE) (10) requires low thylakoid lumen pH and is greatly aided by the presence of PSII subunit S (PsbS) (11, 12) and de-epoxidation of violaxanthin to antheraxanthin and zeaxanthin via the xanthophyll cycle (13, 14) . Expression of PsbS strongly affects the amplitude of qE formation, and overexpression results in an increased rate of induction and relaxation of qE (15) (16) (17) . As a result, the effects of PsbS overexpression on CO 2 fixation and plant growth depend on the prevailing light environment. Enhancement of qE via PsbS overexpression may offer increased photoprotection under high light or rapidly fluctuating conditions (18) but can be at the expense of CO 2 fixation under less stressful conditions (15) . An alternative route of NPQ manipulation is to modify xanthophyll cycle kinetics. The xanthophyll cycle de-epoxidation state (DES) influences the level of NPQ (19) because of the stimulating effect of zeaxanthin on qE and on zeaxanthindependent quenching (qZ) (20) . qZ has slower relaxation kinetics (10 to 15 min) than qE (10 to 90 s), which are linked to the kinetics of the zeaxanthin pool. Arabidopsis mutants with increased xanthophyll-cycle pigment pool size were shown to have slower rates of NPQ formation and relaxation, owing to slower DES kinetics (21) . Thus, the rate of adjustment of DES appears to be affected by the xanthophyll-cycle pool size relative to the rate of turnover via violaxanthin de-epoxidase (VDE) and zeaxanthin epoxidase (ZEP), which in turn affects the adjustment rate of NPQ.
We hypothesized that by accelerating the xanthophyll cycle and increasing PsbS, NPQ would decline more rapidly on transfer of leaves to shade (Fig. 1) , leading to faster restoration of the maximum efficiency of CO 2 assimilation that can be achieved at a given light intensity in When leaves are exposed to high light, the rate of CO 2 fixation is high, and excessive excitation energy is harmlessly dissipated through NPQ. The level of NPQ is positively correlated with the abundance of PsbS and further stimulated by the de-epoxidation of violaxanthin to zeaxanthin, catalyzed by VDE. Upon transition to low light, CO 2 fixation becomes limited by the reduced form of nicotinamide adenine dinucleotide phosphate and adenosine triphosphate derived from photosynthetic electron transport, which in turn is limited by high levels of NPQ. The rate of CO 2 fixation therefore remains depressed until relaxation of NPQ is complete. This can take minutes to hours and is correlated with the rate of zeaxanthin epoxidation, catalyzed by ZEP. The text underneath the figure describes the strategy used to accelerate NPQ relaxation compared with WT tobacco. the shade, which in turn would allow increased productivity.
Results

Transgene mRNA and protein expression
Nicotiana tabacum was transformed with the coding sequences of Arabidopsis VDE, ZEP, and PsbS under the control of different promoters for expression in leaves ( fig. S1 ). Two transformants with a single transfer DNA (T-DNA) integration (VPZ-34 and -56) and one transformant with two T-DNA insertions (VPZ-23) were selected based on a seedling NPQ screen (figs. S2 and S3) and self-pollinated to obtain homozygous T2 progeny for further investigation. All three VPZ lines showed increases in total (transgenic plus native) transcript levels of VDE (10-fold), PsbS (threefold), and ZEP (sixfold) relative to those of the wild type (WT) (Fig. 2 , A, C, and E). For PsbS, the increase in transcript levels translated into an approximately fourfold-higher PsbS protein level (Fig. 2D) , as exemplified in bands at 21 kDa (AtPsbS) and 24 kDa (NtPsbS) (Fig. 2G) . For VDE and ZEP, the increase in transcript levels corresponded to 30-fold for VDE (45 kDa) (Fig. 2 , B and G) and 74-fold for ZEP (73 kDa) (Fig. 2, F . CO 2 assimilation declined immediately after the decrease in light intensity in both WT and VPZ lines (Fig. 3B) , reaching a minimum at 30 s. During the following 150 s, the CO 2 fixation rate increased gradually but more rapidly in the VPZ lines as compared with WT, leading to significantly higher CO 2 fixation rates, averaging an increase of 9% (P < 0.02).
Effects of fluctuating light on the efficiency of photosynthetic CO 2 assimilation
To evaluate the dynamic effect of VPZ overexpression on the response of leaf CO 2 uptake to light, light intensity was varied in two different ways. First, light intensity was varied from low to high ( fig. S5A ), taking care to allow gas exchange and fluorescence to achieve steady state at each light intensity. Second, light intensity was varied in 4-min alternating steps of high to low light ( fig.  S5B ). The resulting steady-state and fluctuating light-response curves of CO 2 fixation and linear electron transport rate were distinctly different between WT and VPZ lines. In steady state, the maximum quantum yield of CO 2 fixation (FCO 2max ) was not different between WT and VPZ lines, averaging 0.092 CO 2 /absorbed photon (Fig. 4A) . Fluctuating light decreased FCO 2max to 0.058 CO 2 / absorbed photon in the WT plants (Fig. 4B) , whereas FCO 2max in the VPZ lines showed a far smaller depression to 0.066 CO 2 /absorbed photon (P < 0.05). Similarly, under fluctuating light, the maximum quantum yield of whole-chain electron transport (FPSII max ) declined from an average value of 0.73 (Fig. 4C) to 0.54 e -/absorbed photon in the WT plants (Fig. 4D) , compared with 0.60 e -/ absorbed photon in the VPZ lines (P < 0.05). Thus, under these fluctuating conditions, average FCO 2max and average FPSII max of the VPZ lines were 11.3 and 14.0% higher than WT, respectively. These differences were also confirmed in plants grown under field conditions ( fig. S6, A and B) and were not caused by a difference in photosynthetic capacity, as shown by the lack of differences in FCO 2max and FPSII max between VPZ lines and WT when measured at steady state (Fig. 4, A and C ). There were also no differences in the maximum carboxylation capacity (V cmax ) or ribulose bisphosphate regeneration capacity (J max ) derived from CO 2 response curves (table S1), nor were there differences in the levels and stoichiometry of the major photosynthetic complexes ( fig. S7) . Instead, the differences under fluctuating conditions corresponded to the faster relaxation of NPQ resulting from VPZ overexpression. Steady-state NPQ below 400 mmol photons m −2 s −1 was very low (Fig. 4E and fig. S5G ) and did not differ between WT and VPZ lines. However, under fluctuating light intensity, NPQ was significantly higher in the WT compared with the VPZ lines at low light (P < 0.05) (Fig. 4F) , whereas NPQ in high light did not differ between WT and VPZ lines ( fig. S5 , G and H).
Productivity under field conditions
Whether this greater photosynthetic efficiency during shading events would affect productivity was evaluated under field conditions in a randomized block design with 12 blocks (Fig. 5D  and fig. S8 ). Plants from VPZ lines exhibited greater total dry weight per plant by 14 to 20% relative to that of WT (Fig. 5A) , which was evident in increases in leaf, stem, and root weights ( fig. S9 , A to C). Additionally, plants from VPZ lines showed increases in leaf area (Fig. 5B ) and plant height (Fig. 5C ), relative to WT. Similar productivity increases were found under greenhouse conditions ( fig. S10, A to F) . before each light-intensity change (fluctuating). Error bars indicate SEM (n = 6 biological replicates), and asterisks indicate significant differences (a = 0.05) between wild-type N. tabacum (WT) and three lines expressing AtVDE, AtPsbS, and AtZEP (VPZ). 
Xanthophyll cycle de-epoxidation as a function of different light treatments
In dark-acclimated leaves from both WT and VPZ lines, the xanthophyll-cycle pool was completely epoxidated-entirely in the form of violaxanthin ( S12 ).
Discussion
How does introduction of the VPZ construct accelerate NPQ relaxation on transfer of leaves from high to low light, as would occur in a shading event? NPQ is a compound variable, encompassing several quenching mechanisms with contrasting relaxation kinetics (22) . Whereas PsbS is exclusively associated with rapidly relaxing qE, the xanthophyll cycle is involved in multiple components of NPQ, especially qE and qZ. Even though VPZ lines had a lower xanthophyll DES under high and fluctuating light intensity (Table 1) , levels of NPQ were similar to those of WT at high light (figs. S3B and S5H), implying that the relationship between xanthophyll DES and NPQ has been altered by PsbS overexpression, allowing for higher NPQ at lower DES. The presence of zeaxanthin correlates with faster induction and slower relaxation of NPQ, with respect to qZ and qE (4, 20, 23) . Consistent with the lower DES in the VPZ lines, relaxation of both qE (t 1 ) and qZ (t 2 ) was accelerated by the VPZ overexpression. The faster relaxation of NPQ by VPZ overexpression can thus be explained by two parallel manipulations of NPQ. Combined overexpression of VDE and ZEP decreased xanthophyll DES, which in turn increased the NPQ relaxation rate through qZ, qE, and zeaxanthin-associated effects on NPQ kinetics. Second, the overexpression of PsbS led to an increase in qE, which more than offset the decrease due to lower DES ( fig. S3B ).
The hypothesis that photosynthetic efficiency could be increased through acceleration of NPQ relaxation (8, 24) relies on the inverse correlation between NPQ and photosynthetic efficiency. Under fluctuating light, the VPZ lines showed faster and greater decreases in NPQ after transitions from high to low light, relative to that of WT (Fig. 4F and fig. S5H ), which increased the quantum yield of CO 2 assimilation by 14% (Fig.  4B) , providing proof that on transition from high to low light, NPQ does indeed limit photosynthetic efficiency. Xanthophyll DES is correlated with NPQ (19) , which suggests that limiting violaxanthin de-epoxidation may also increase the NPQ relaxation rate. However, decreased zeaxanthin formation through antisense VDE expression in tobacco in previous studies did not lead to an increase in photosynthetic efficiency and growth (25, 26) . Reduction in NPQ amplitude (27) and antioxidant capacity (28) leads to greater sensitivity to damage by excessive light in mutants with reduced zeaxanthin (29) . In the current work, expression of VDE and PsbS was increased to balance the up-regulation of ZEP and avoid such damage ( fig. S12 ). This conservation of photoprotection in the VPZ lines most likely originates from an increase in qE, reflecting the positive correlation between photoprotection and PsbS content (18) .
About 50% of canopy carbon gain in crops occurs under light limitation (5) . Efficiency of photosynthesis in the shade declines even further with rapid light transitions caused by clouds and wind-driven movement of overshadowing leaves. Higher yields have followed increased planting densities, which also caused denser canopies and increased the proportion of partially shaded leaves, leading to more irregular light conditions for each leaf. Even on a clear day, diurnal changes in sun angle cause dynamic shading of leaves within the canopy by those at the top. At the level of the individual chloroplast, these changes from sun to shade are almost instantaneous (7) . Thus, light conditions in the field are anything but steady state. Under steady-state light, the VPZ lines evaluated here would have shown no yield advantage over WT. Their yield advantage becomes apparent under more realistic, irregular, lighting conditions. Because the xanthophyll cycle and PsbS are common to all vascular plants (11, 19) , we expect that similar results would pertain to all major crops. Although this work has focused on crop light-use efficiency, stomatal conductance also remains high during the first few minutes after transfer to shade. Increasing the rate of relaxation of NPQ will therefore not only increase net carbon gain but also increase crop water-use efficiency. This may be an important attribute, given forecast climate change impacts on future crop production (30) .
Transgenic expression of Arabidopsis VDE, PsbS, and ZEP (VPZ) in combination in tobacco led to a marked and statistically significant acceleration of NPQ relaxation on transfer of leaves from high light to shade. As hypothesized, this led to a more rapid recovery of the efficiency of photosynthetic CO 2 assimilation in the shade. Results from field and greenhouse experiments showed that this corresponded to increased productivity in terms of final dry mass. Increases in crop productivity of 15%, as obtained here, demonstrate a potential means to achieve the increases in crop yield that are forecast to be necessary by 2050 (31, 32) . 
